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RESEARCH SUMMARY 
Sorption studies of ponderosa pine (Pinus poor:!erosa Laws. ) needles 
aDd litter beds of current year cast show a shorter response time and 
lower ~quHibrium moisture contents than most other conifer needle data 
in the literature . For conditions below fiber saturation, the re sponse 
lime is described be~t by conside ring the time for 95 percent of the total 
change in moi s ture coateol. Equilibrium moisture content can be esti-
mated by 3n equation based on temperature and humidity, but type of 
vegetation must be cons idered. 
Analysis of moisture response at the test conditions indicates that 
the moi s ture diffus ivity of the needles and beds remains nearly constant 
for both adsorption aod desorption . 
INTRODUCTION 
The ponderosa pine (Pinus ponderosa Laws.) timber type covers nearly 9 million 
acres in the ~ocky Mountains . The needle litter cast by these trees produces a highly 
flwnmable fuel when conditions are dry. The capability for fires to s tal·t and spread 
depends largely on the moisture content of surface fuels and their response to environ-
mental changes. This report summarizes the results of laboratory tests to determine 
equ: librium moisture contents and adsorption-desorption timelags below fiber saturation 
of ponderosa pine need les. Conducting the tests at conditions below fiber saturation 
eliminated consideration of the movement of free water and possible leaching of the 
needles. 
Research on fuel moisture over the 11ast several years has added useful knowledge 
on fine forest fuels (pm, 1968; Simard 1968a; 1968b; Nelson 1969; Van Wagner 1969 and 
1972; Mutch and Gastineau 1970; Blackman 1971 ; and Fosberg 1975). Equilibri um moisture 
contents and timelags are the important moisture response characteristics of fine forest 
fuels (Byram; 1 King and Linton 1963) and are required in fire-danger rating and fuels 
appraisal systems . These two characteristics establish the moisture content at any 
t i me, depending on the envh ... nmental conditions . Equilibrium moisture content (ate) 
i s defined a s the moisture content finally attained Wliformly throughout a material 
exposed to an atmosphere of fixed temperature and hwnidity. This occurs when the vapor 
pressure in the fue l equal s the vapor pressure in the atmosphere . Moisture response 
time, assumed to be an exponential response, is defined as the time required for a fuel 
to achieve 63 . 2 percent of the total change between its initial moisture content and 
EMC . This can be expressed as I - lie of tl.e difference between i nitial moisture con-
tent and E~ , where e is the base of natural logarithms. 
The test results presented here establish the EMC values at 75° F (24 0 C), and the 
sorption response times of needles and of fuel beds at three bulk densities. and report 
the effects of so lar heating upon desorption. The tests with three fuel bed bul k den-
sities were conducted at 80° F (27 0 C), with 90 and 20 percent relative humidi ty end 
points to determine if the response times were different from respon se times of individ-
ual pine needles. The bulk densities (the l oad per unit area divided by the depth of 
the layer) matched findings for litter beds of ponderosa pine needles in western Montana 
(Brown 1970). 
1 Byram, George M. 1963. An ana l ysis of the drying proc"",ss in forest fue l 
m:J.t eria l s. Paper presented at the 1963 International Sym:'O"; lUm on Humidity and 
Moi s t ure , Washington. D.C., May 20-23 . 1963. 38 p . (Unpubli s hed repor t on fil e at 
t he Sout hern Fores t Fire Laborator y, Macon. Genrgla 3)208) . 
METHODS 
Equipment 
. . The EP«:'s o f ponderosa pine needles were obtained over a range of relative hwnid-
Itles (16 to 88 percent) at ambient air temperature of 75° F ±SO (24 0 C ±2°) by means 
of two precond itioning cabinets and a final conditioning cabinet. One preconditioning 
c~binet provi:Jed a high humidity (95 percent) environment at ambient air temperature 
With open t '1'ay5 of water. The other preconditioning cabinet provided a hot-dry environ-
ment of 2 to 6 percent relative humidity by simply heating the ambient air to 1200 F 
(49 0 C). The final conditioning cabinet was maintained at a fixed relative humidity 
by use of saturated-salt solutions at the 75° F t 5° ambient temperature. Temperatures 
within the cabinets were measured with mercury thermometers accurate to ±lo F and 
relati ve humidity was determined by standard psychrometer procedures a nd by dewpoint 
measuring equipment accurate to ± 1 0 F. 
The salt solutions used and t oe measured relative humidities for each were: 
Salt 
Perc~nt relative hwnidity: 
LiCI MgCI 2 Mg(N03 )2 13 33 53 
NaCl KN03 
71 91 
The moisture content of the needles was detennined by withdrawing samples for 
xylene reflux distillation (Buck and Hughes 1939). Initial frequent samp ling showed 
the mol sture content to be wi thin I percent moisture content of EM( after I week in most 
cases. Two sa ' .ples were taken at each measurement period. 
. The response time tests were conducted at 80 0 F (27 0 C). with step c hanges in humid-
Ity from 90 to 20 percent and return . A conditioning cabinet was used to prepare the 
needle moisture content prior to the response test. Then. a programable environmental 
c hamber provided a shift in relative humidity so a moisture response could be induced . 
The moisture response was measured as a weight change with unbonded. temperature-
c ompens ated strain gage transducers . load cells. and microscales. Sensi ti vi ty of the 
wei gh i ng systems was adjus table s o weight changes to 0.01 g cou ld be resolved. Values 
of ai r t emperature. r e lati ve humidit y. dewpoint. solar heat, and weight loss wer £: re-
corded on c harts f or each moi s ture response test . The conditions in the environmental 
chamber wer e contro lled to :!: 2° F air temperature; ±2 percent at 21) percent relative 
humidity . and :t 4 percent a t 90 percent rel a ti ve humidity; and :to . 01 of a solar constant. 
Airspeed within the t es t vol ume o f the environmental chamber was found to average 
l ess than 0.50 mi / h and be rathe r turbulent. Variability above the center of 
a li t ter bed was f ound t o be from near 0 to 0 .60 mi / h. This may have affect E'd 
thp res ponse t i me o f the fuel bed s by provid i ng more turbulent airflow than c.ccurs in 
natur~ l si t es . Ai r ve loci t y within a needl e l itter bed with a bulk density of 0.94 
Ib/ft (0 .015 g/ee) averaged less than 0 . 160 ft/ s (4.88 em/s), or 0.11 mi/h. 
Needles and Litter Beds 
The needl es u s ed in all t es t s were first- year cast. collected in September and 
Oc t ober. The needl es we r e s orted t o r emove brvken needle~ a .-i:i t hose separat ed from 
the fascicl e . Thi s tend ed to eliminate diffe r ence s in !iloisture r esponses because of 
phys ica l de f ec t s . The genera l phys ical propertie s of these pondero'ia pine needles are 
( Brown 1970): 
Pa rticl e densi t y 
Sur face a r ea /vo lume 
Aver age thi c:k iless 
Shape f ac t o r 
31. 8 Ib/ft 3 (0.51 g/ ee ±0.046; 
1, 755 ft 2/ft 3 (5 7 .57 em2/em 3 ±6.81) 
0.027 i n (0.0695 em) 
1. 3 
The litt e r b('d s o f the needl es for the EMC tests were placed in t \IO wire screen 
containe r s t o occ upy a bUlk density of 0.94 Ib/ft 3 (0 . 015 g/ee). Thi s bulk density is 
t he m~~dium value found by Brown (1970); t i,e values for the light, 'nedium. and hea\'y 
bulk dens ities wer e , res pecti vel y , 0 . 31, (1 . 94, 2 . 81 Ib/ft 3 (0.005, 0.015, and 0.045 
g/cc) and were used for the t es t s of bulk dens ity effect s on moisture response times. 
The needl es we r e loa ded t o a de pth of 2 cm for each bulk density . Litter beds for th~ 
E~IC t es t s were preconditi oned a t a high and at a low relative humidity until stabilized 
w ~ l h thei r env ironment. the n transferred to a final conditioning cabinet at a controlled 
humidit y a nd allowed to s t abi l i ze. Stabilized conditions were considered to be achieved 
when c on secuti ve moi s ture content determinations were within ±l percent moisture content . 
Pine needl es for the r espon se time tests were preconditioned at a high humidity . 90 
pe rc ent r e l a ti ve humidit y a t 75° F (2 4 0 C) . When the needles were stabilized in moisture 
cont ent a t appro x ima t e l y 13 percent moi s ture cont ent ovendry we ight. a precalculated quan-
tit y of needle s was we i ghed and tran s ferred to the programable environmental chamber. 
In the chamber . wi th conditions a t 90 percent relative humidit y and 80° F (270 C), the 
litt e r beds were made t o the des ired bulk den s it y on special aluminum weighing trays 
with solid bo ttoms a nd sides to minimi ze airflow within the litter bed (fig. 1). 
The c ha mbe r a nd I i tt e r be ds we re condit i oned a s shown in figure 2. Adsorption test 
t i me was 24 t o 48 hours. a ft e r which the litter beds were r emoved, weighed . and moisture 
content de t e rmined to prov ide a c heck of the we i ghing sys tem' s recorde d we ight change. 
These need l es wen" ji scard ed and anothe r quant i t y o f conditioned needles u sed for the 
nex t t e s t. 
Th e e nv ironmenta l chamber control s and a ir conditioning equipment are capable of 
mak i ng the change fo r 90 t o 20 per cent r e l a tive humidity in 60 minut es and from 20 to 
90 per cent r e l a t i ve humi d i t y in 5 minut es . Some error in r espon s e time meas urement s 
can be c aused by t he response time of the c hamber. Becau se pine needles have l ong 
r espon s e times (S i mard 1968b; Van \'iagne r 1969 ; Fosbe r g 1975) . greater than 4 hours . 
error s s hou ld be sma ll . 
The in f lue nce o f so l a r heat ing upon the mo i s ture r espon se was inves t iga t ed by 
runn i ng a s ccond se r ies of s o r p ti on t e s t s us ing the so l a r heati ng capa b i lity of the 
cnv i ronmcnta 1 chamber. Nine ove rhf'ad so lar lamps prov ided the rad i ant heat s imu lat ing 
so l a r heu t inK anJ we r e COlltro l i ell by a py r ohe l i omett: I' sens or and a n e l ectropne uma ti c 
r ec ord e r contro ll e r. A 3-mi I ell -Cn t he r mocoupl e was a tt ached to the s urfa ce of a 
needl e t o mo n i t o r s ur fac e t emper a ture on a s trl p- !: ha rt r ecorde r . So lar hea ting wa s 
s t a rted a t t he begi nn ir.g o f the de s orpti on r un a nd mai ntained unlil the s t a rt o f the 
adsor pti on run , whe n At wa s tu r ned o f f . An int ens i t y o f about 0 . 6 s o l a r cons t a n t 
( 1. 2 ca l / cm2-min) wa s used. These t e s t s provid ed informa ti on on how r esponse t i me wa s 
in f lue nced by t he add i ti ona I t empe r ature s t r e ss of s o l ar heat ing. 
, 
Pigure 1. --P"eZ bed Zocated in envi"onmentaZ "hambe". 
NO SOLAR NO SOLAR 
RH · 90 "I. RH· 90"1. 
DB • roo~ DB • rooF 
1 NO SOLAR J Pigure 2. --The envil'On-mentaZ "onditions fo" RH·2O"I. the tests of moistlll'e DB • rooF response ti ... 1C during fi"st phase; a 0. 6 
I- · 1 ..
- I" -I BOl.ar constant W8 added fo" soZal' heat-2 · 3 HOURS 24 HOURS 24 HOURS ing dlll'ing the de -
STABILIZATION DESORPTION ADSORPTION sOl'ption "yde of the 
PFR Inn CYCLE CYCLE se"or.ti phase of the tests. 
RESULTS 
EquililJrium Moisture Content 
The sorption EMC tests were always started from a moisture content either higher 
or l ower than any EMC expect ed. The dE'sorption tests s t arted from a high moisture con-
tent t ha t r anged f rom 28.2 to 31.7 percent and averaged 29.6 percent. The adsorpt i on 
tests started from a low moisture content between 2.6 and 3.4 percent that averaged 3.0 
percent. The relative humiditi es used fur conditioning and the EMC's that resulted 
are given in table 1 . The differences bet ween adsorption and dE-sorption EMC' s are les s 
than 2.0 percent a t hlUJllditie s under 70 percent. Above 70 percent relative humidity , 
the differ ence became greater than 2. 0 percent, appr oaching 3.5 percent at 90 percent 
relative humidity. 
Table I. --Adsol'ption and desol'",>tion equiUbl'iwn moistlll'e "ontents of ponderosa pine 
needZes ori.th stal'ting moistlll'e "on tents of J . O pe""ent fo" adsol'ption and 29.6 pe,,-
"ent f~" de80l'ption 
Average Average Hys\.~res i s 
adsorption desorpt ion of 
Sa It Dryl Re l a t ive2 Jr.oisture moisture moisture 
so lution bu l b humidi t l cont ent content content 
0p 
- Peroent -
LiCI 75 13 4.3 ±0 . 2 5.9 t o . 2 1.6 
~lgC l 2 75 33 7 . 5 ±0 . 4 9.0 t o. O 1.5 
~l g(N0 3 ) 2 75 53 10. 2 to.2 I!. 9 ±O .l 1. 8 
NaCI 75 71 13.2 ±o.o 15.3 t o. 2 2. 1 
KN0 3 75 9 1 19.2 to. 1 22.6 ±O . O 3 .4 
I Dry bulb temperature wa s maintained at 75°F ±So (24 0 C .:: 2 ° ). 
2 Relative humidity is the measured value and di f fers i n some cases from values 
for chemica lly pure sa I ts. 
Moisture Response Time 
Desorption and ad sorption moisture response tests at 80 0 F (27 0 C) air temperature 
wer e run on individual needles and litter beds of the three bu l k densitie s (fig . 3). The 
response time o f materials to wat er vapor gradients is a l so called moisture timelag 
(Nelson 1969; Mut...:h and Gastineau 1970; Fosberg and Deeming 1971) , and the moisture 
time constant (Van Wagner 1969). In each case, the expression is used to describe the 
exponential sorption process of the following equation (from Nel s on 1969): 
m - m 
n;-:-;i, = E = Kexp( - t/ r ) 
o e 
(I) 
(Con. ) 
1.0 
0.1 
0. 01 
o 
1.0 
0. 1 
DESORPTION 
o NEEDLES W/O SOLAR HEATING 
[J BED 0. 005 G/CM' BULK DENS lTV 
o BED 0.015 
A BED 0. 045 
200 400 600 1000 1200 1400 
0. 01 ----------...... ___ ...... I10.._ ................... ....a. ........ 
TIME (M IN) 
Pigure J .--Tinrelag response of ponderosa pine needles without sola" heat (dssorptioni. 
6 
where 
m = average mois t ure content o f needl es or 1 itter at time , t 
me = equi libr ium mois ture con t ent 
init i a l moi5 ture content 
frac t ion of t ot a l evaporabl e moi s ture remaining in the fuel at time, t 
dimensionless shape factor, as sumed equal to 1.0 
time. minutes 
T = response time , t i me cons t ant , or timelag, minutes . 
The descript or . T . represent s the time required to proceed 63 . 2 percent, or 
( 1 - l ie). of the way t o the total expected change. The time to achieve t he total 
change can be broken in t i me peri ods . Each time per iod i s the time to proceed 63 . 2 
perc ent of the remain i ng portion o f the t otal change and is tabulated i n appendix 
t abl e 5 for needles and tab l e 6 for the adsorption and desorption tests without so l ar 
heat i ng . The general trend s hows an initial increas e in time followed by a decrE"ase 
os di s played i n figure 4. Thi s t ype of r esponse has been reported by Nelson (1969). 
~lutch and Gas t i neau ( 1970) . and Fosber g and others (1970). 
The desorpt ion t es t s wi t h sol ar heating Yieldel :i~orter response times because 
solar heat i ng a t the 0.6 so la r cons tant l evel increased needle surface temperature 23° 
( - SO C) . Th is caused a temperature gradient to be imposed on the vapor pressure gradient 
and shor tened the response time , The adsorption runs following solar heating di splay 
a respor. se not presentl y under stood. The dat a f or these runs arr. presented in table 7 
of the append ix . 
NO SOLAR ADSORPTION NO Sc. . ,R DESORPTION 
500 r 500 r 
4001- 400 I-
Z 3OOr- 300 I-~ 
.... 
:;: 
t- 2001- 200 r-
100 I- 100 ,... 
0 I 0 
2 3 4 5 2 3 4 
Tl MELAG PERIODS 
Pi..JUI'e 4. --Adsorption and desorption time lag periods for pandsl'Osa pine needle beds 
at bulk density of 0.94 l b/ ft J (0 .015 g/oi . 
\ 
DISCUSSION 
Equilibriwn MOisture Content 
A var iet y of s tud ies of individu~. l fue l types have been conducted to de t e rmine the 
EMC I 5 of wild l and fue Is (Dunlap ; 2 King and Linton 1963; Blackmarr 1971; Van Warer 1972; 
Bri tton and others 1973). However, Gisborne ( I92B) noted that tes t s by Ounlap on woody 
samples o f different s pecies yiel ded res ult s so nearly a like that a common EloC could 
be assigne<! to given r elative humidities. Van Wagner ( 1972) found that leaf litter had 
higher EK' 5 than common woods by about 3 percent moisture content. Oi fCeh. 3 between 
leaf litter types were felt to have little practicd.i importance for predicting fine fuel 
moisture content . However , Blackman (1971) and Van Wagner (1972) did observe an in -
crease in fMC with weathering and aging which possibly is associated with the leac hing 
of waxes and oi l s from the needles . The newly cast needles collec ted in September and 
October that we tes ted achieved EMC l evels slightly lower than those found by Van W3gner 
for red pine needles. 
The a«: data for ponderosa pine need l es given in table I are plotted in figure 5 
fOT adsorption and desorption. The curves displayed are from prediction equations 
generated from the data . according to the approa ch presented by Van Wagner (1972) . The 
gener a l fona o f the prediction equation i s: 
Et< • aHb • c • EXP [(H - 100)/d] • ID(T
r 
- T) (2) 
where 
EK: equi 1 ibriwn moisture content, percent ovendry weight 
H ::II relative humid i t y , percent 
T r '" .eference temperatuTf'! 
T ::II te1ll;>erature 
a, b, c, d, III = corfficients dependent upon species , 3S noted by Van Wagner. 
The last tenn adjusts for temperature which we did not test, but cOTlp:1!' isons wil l be 
I113de to results obtained for ponderosa pine needles in other studies (AnJerson 1964; 
Rothermel and Anderson 1966; Anderson 1969). These studies provide data on t he ad sorp-
tion equilibrium .oisture content at 90 0 F (32 0 C) as ponderosa pine need l es wer e con-
ditioned for burning tests. 
The coefficients of :.he tems in the equation weTe detenained by first ca lculating 
8 least squares fit for a power functi.on, aHb, up to 60 percen t relative humid ity for 
the first term. The calculated values of E1«: were subtracted from the observed EMC 
1 Dunlap , \f. E. forest Product s Laboratory, ~tadison. Whconsin; work cited by 
Gi.borne (1928), p. 29. 
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F'ig'UI'fJ 5. --EquilibI"iwn "",isture content data for adsorption and desorption IJith Least 
squares fit cUPlles from equations of the form, cue = aH b + c . EXP [ (8 - lOOJ/d] for 
ponderosa pine needles. 
for each rel 'Hive humidity and the dif fer ence used for a l e8st s quares f i t to an ex-
ponential function, c · EXP [(H - 100)/d], from 50 perc ent relati ve humidity up to the 
maximum relative humidit y . The over l ap from SO t o 60 perc ent relative humidit y P\'o-
vides a smooth transition and fit t o the data . The coefficients, a, b, c, d, a l ong 
with 1' 1 and 1'2, correlation coefficients of moisture cont ent t o relative humidit y for 
each port ion of the equation, were determined to be: 
Adsorpt ion 
Oesorpt ion 
0.891 0.6 12 
1. 65 I .493 
1'1 d 1'2 
0.999B \7:54" 8.\'1 0:-9818 
.9976 19.35 10.8B .9B93 
The curve in figure 5 shows the goodness of fit and shows the separation of the adsorp-
tion and desorption curves to be about 1.5 percent moisture content. Above 65 percent 
re lat i ve ~umi~ i ty , the sepaTat ion cont inues to increase . r eaching about 3.2 percent 
moisture content at 90 percent relative humidity. 
Al though the effect of temperature on EMC was not part of the tests reported here. 
the E.&\tC curves were compared with earl ier adsorption data (Anderson 1964; Roth~rmel 
and Anderson 1966; Anderson 1969). In the earl ier tests. ponderosa pine needles were 
first ovendried. Then the needles were conditioned over saturated-salt solutions for 
different humidities at 90 0 F (32 0 C) lmtil the ne~Jlc moisture conten t had s tabilized. 
These data were a l so fit to equation 2 and compa red to the 750 F (24° C) data (flg. b). 
A difference due to temperature appears from 20 to 80 fc r cent relative humidit y . but 
beyond the se conditions the HotC value .. nre essentially the same. 
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PigIa'e 6. --Effect of temperature on ad8o-rption ENe of pondero8a pine needLe8 
at 75 · and 90· P. 
100 
Work by Spalt (1957) on basswood at 72° and 90° F (22° and 32° C) showed the same 
trend to convergence at each extreme (Byram). 1 The influence of temperature on EMC aver-
aged 0.056 percent EMC per degree Fahrenheit. In addition. Gisborne (I92S) r eported on 
work by M. E. D.ml ::tp for six fuel types that provided simi l ar r esponses to temperature. 
A composite response for H!C change over the t emperature range of 50° to 100 0 r (lao to 
38° C) provlded a temperature facto r of 0.050 percent e.1C per degree Fahrenheit. This is 
about half of what Van Wagner ( 1972) found fQT conifer litter, 0.113 percent f1.iC per 
degree Fahrenheit. The var l ati on observed by Van Wagne r sugges ts that additional :.. tud y 
is needed t o identify the magnitude of the temperature influence. In addition, he noted 
a differenc e between species in the EMC's established for given temperatur es aM humid -
ities. For the pondero sa pine li~ ter we tested, the He values for adsorption or desorp -
t ion can be es t imated by: 
Adsor ption EJ<1C = 0.S9 1 H Q.612 + 17.54 l XP[(H - 100)/S .91J + 0 . 056(75 - T) (2A) 
Desorpt ion Er-1C = 1. 051,.0. 4 93 + 1935 EXP[(H - 100)/l0.SSJ + 0 .056(75 - TJ (28) 
where 
H r e l ativt> humidi t y. perc(>nt 
T fuel surface tempera t'J!' !! , of. 
Ou r E~ values were compared ' .... i th EM( va lues fo r o ther fine for est f\le l s (King 
and Linton 1963; Stamm 1964 j Rotherme l and Ander son 1966 ; Anderson 1969; Blackmarr 197J: 
Van Wagner 1972). ~fonter(>y pine displayed E\1C' s about 2 percent lower than ponderosa 
10 
pine whi c h \~as 1 to 2 pcl ... ..::nt lowe r th ... n ot her conifer need l es. Grasses a nd bot il 
eve r gr een a nd dec iduous hardwood leaf litter maintain h igher B1C ' s t ha n ponderoo;a pine 
needl es . The d'ffe r encc in H ie va l ues becomes greater as the relative humid ity in-
c r eases above 60 percent and the H IC divergence can be as high as 9 percent moisture 
cont ent. Van Wagn e r ( 1972) concluded that all kinds of leaf l itte r have EHC's about 
3 percent hi ghe r than th e commoll woods; this differenc e in EMC i s felt to b~ defini t e l y 
i mportan L i n fir e-dange r rat ing. 
Th E' so r pti on da ta for various pin l~ needl es a r e within 2.S per cent ';Iois ture cont ent of 
each o the r in S3 pe r cent r e 13 t i vc hum iJ ~ ty and 7S 0 to 80 0 F (24 0 t o 27 0 C) . However, when 
other fine fuels 1 ik l' !! ra ss.es , hard",,'ood l eaves, and wood spli nt s are consid ered (Stamm 
1964 : Blackma n 197 1: Van \~ag ne r 1972). the variat i on becomes suffici ent to reduce the ac-
c uracy of fire-danger es timat e s. F.xam ination of th e data at 53 percent r e l at i ve humidity 
s howed tro ::,. adsorp t i on E~lC val ues ranged f r om 8.3 to 12 . 3 percent and the d esorpti on 
val ues r anged from 10.9 to 15.5 percent for a total range of 7.2 per cent moisture con-
tent if' Ef.1C. ThlS s ugges t s a composi te estimate of fine fuel mo i s::ure may be no c l oser 
than ~3.6 perc ent moisture content to t he r ea l value. 
Compa ring the fin c fue l moisture cont ent isotherm of th e Canadian Fores t Fire 
I\'ea the r Ind ex with t he I -hour time l ag fuel moist ure o f the United Stat es ' Na tiona l 
Fire-Danger Rating System (NFDRS) s hows a similar differ e nce, approximate l y 4 percent , 
in predi c t ed moi s ture content. This appears to be due to the t ype of f ue l s considered 
in estab li s hing the moisture content response. The Canadian sys ten i s based on the 
litt er L..:e l s i n their coniferous forest (Van Wagner 1974; Van Wagne r and Pickett 1975) 
a nd the United States ' system is based on s tudies o f fin e woody ma t erials (Fosberg and 
Deeming 1971). j'he ponderos a pi ne needle da t a (fig. 7) agl'ees wi th the Canadian iso-
therm at l ow humidities. but ho l ds to l ower moisture con t ent s at humj di tie s above 30 per-
cent a nd agree s with the National Fire-Danger Rating Sys t e m I -hour fue l moisture content . 
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Alluwance for specific fine fuel types may be necessary. particularly in areas 
where an index , such as the Ignition Index. is used administrative l y and is sensi t ive 
to f ine fuel moistl1r o content. For examp l e, in an area '-Ihere condition~ can reach 80 0 
(27 0 C) and 20 percent relative humidity ( m a c l oudy day, the NFORS estima t es nonliving 
fine fue l moisture content to be 4 percent. Thi s may bf> 3 to 4 percent below the actual 
moisture content. This difference c hanges the Ignition Component from 65 to 38, which 
may be significan t in a control unit 's ac tion plan . Thi s t ype of sensitivity to fine 
fue l moisture content sugges t s that the measurement techniques and predictions of fine 
fuel moisture content be as accurate as possibl e. 
Timelag 
Ponderosa pine needles and litter beds exhibit s i milar time l ag var~"lbility, but the 
similari t y is l ess eviden t in litter bed test result s ( fig . 3). The variation in the 
timelag peric.d may be due to tl-..: vari ")us factors influencing the d i ffusivi t y of the 
material. Byram l discussed contro l of moisture flow and thought that a forcing function 
of noi sture content and s", turation vapor pressure could effectively descr ibe the change. 
This concept was expanded upon by Ne l s on (1969) and Fosberg (1970). Nelson showed that 
the diffusion theory could describe certain changes in moistur e response of fine fuels, 
but such things as initial f'I"~ " f-ure content and relative hwnidit y effects are not accu-
rate l y predicted. Fosbe!'~ (1975) has developed a generali zed approach to the theoretical 
so lution using a timelag definition dependent upon physical properties of the material. 
He used. boundary conditions that were difference approximations to the continuous cllange 
in temperature and relative humidity and noted that a different response time shou ld be 
expected for each different set of initial conditions. The timelag ha s been associated 
with standard drying conditions of 80 0 F (27 0 C) and 20 percent relative humidity as noted 
by Ne l son (1969) for NFDRS use. For cons t ant conditions, t ime lag is expressed as a 
function of mat erial thicknes ;i . moisture di ffusivity . and a dimensionles s number, 
defined as a Fourier number f or moisture by Byram l . For our tests , we are starting 
from the standard set of conditions to establish a stable method o f evaluating t imelag 
and to indicate the effect of bed bulk density on timelag. 
Previous work and our test results show the timelag response is curvilinear, 
yie lding shorter times for the fourth and fifth time periods . The latter periods 
involve small changes in mo isture content, so small errors in moisture me;lsurement 
result in large va r iations in the time mea surement . For these rea sons . and because 
the fir s t three periods account for 95 percent of the total change and .:xhibi t a near 
I inear response on semi log graph paper (fig. 3; that is. a constant log drying rate ) 
we determined the average time lag from the time to achieve a 95 percent change in 
moi stu re content . The time to achieve a 95 percent change repre sents three time 
per iods, so one-third of that total time is the average timelag for a run. The mean 
time lag for each lit ter bed and sorpt ion condi t ion are given in tab I e 2. along wi th the 
physica l properties "f eac h litter bed test condi t ion. 
Colltpari son of the re su lt s obtained using five time periods . three time periods , 
or the t ine for a 9S percent change of eal..h run to compute an average and s tandard 
deviation s howed that le3s variabi lity occuTred with the time to 95 percent change. 
For :he li tter beds with a bulk density of 0.01:; glee . the standard deviation de-
crea sed fro,. l i S min for five time periods to f.9 min for t hree t ime periods to 48 min 
f <jT a 9S percent chan~t. ,\lthougla greater stability is i ndicated for the latt er 
r;tcth(~. t he .. tanJ :1.Td deviation indicate ::; considerab l e variabi l ity i n the vegetative 
~'l t erlal and l itter bed s ; th i5 indicates a nW.lbe1 of runs are needed to obtain a 
re l iahle mcan. 
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Table 2. --Mean timelafls for needles end tit t er beds of por:dsrosa pine needles based on 
the time f or 95 percent of total chanpe 
Phlsical EroEertie s ResEonse time data 
: [nit ial Final : Arith- .S tandard :No . 
Packing: moisture: moi s tu rE': metic devia- : of : Standard 
~Iate r ial : Thickness: Density: rat i o : con tent con tent: mean t ion : runs: error 
em Glcc - Percen.t - Min Min 
DESORPTION W(11l01Jf SO LAR 
Need l es 0.0695 0.5 1 1.0 23.0 7.2 251.4 48.6 5 21.8 
Bod 2.0 .005 0.0098 23.0 7.2 309.8 16.7 3 9.7 
Bod 2 . 0 .0 15 .0294 23.0 7.2 350 . 4 48.2 6 19 . 7 
Bed 2.0 . 045 .0882 23 .0 7 . 2 332.8 56.8 3 32.8 
ADSOR PT WN W rTHOIJf SOLAR 
Need l es .0695 .51 1.0 7 .2 23 . 0 242.6 7~.9 35.7 
Bed 2.0 .005 .0098 7.2 23.0 333.1 91.8 64.9 
Be d 2.0 .015 .0294 7.2 2~.0 385.4 40.2 6 16 . 4 
Bed 2.0 . 045 .0882 7 . 2 23 .0 314 .5 14.4 8.3 
OESORPTWN InlH SOLAR 
Be d 2 .0 .005 .0098 23 .0 7.2 243.3 70.4 35.2 
Bed 2.0 . 015 .0294 23.0 7.2 206.2 54.6 24.4 
Bed 2.0 .045 .0882 23 . 0 7.2 154 . 0 24 .5 12.3 
ADSORPTWN AFTER SOLAP 
Bed 2.0 .005 .0098 7 .2 23.0 382.9 54.6 27.3 
Sed 2.0 .015 .0294 7.2 23.0 406.8 27.3 12.2 
Bed 2.0 .045 .OS82 7.2 23.0 411. 3 I~ .1 9.1 
The results for needles suggest nearl y equal response times for desorption and 
adsorption. This timelag of 4.2 hours agrees with the needle timelag reported by 
Foco i;.erg (1975) of 4 . 1 hours for freshly fallen ponderosa pine need l es, as supplied by 
Blackmarr (1971). Data for other coni fer needles, freshly r.as t , show variation in 
timelags: 
Species Timel.arz !l!:Y.infI. condi tion. Reference 
Hours OF Pel"cent 
rel.ative 
humidity 
Lodgepo le pine 17.5 80 20 Blackmarr , in Fosberg ( 1975) 
(supported by our own t es t s) 
Red pine 10.5 78 02 35 .5 Van Wa gner (1969) 
Red pint! 21.5 78 . 2 55 t5 Simard (I96Sb) 
F.a.stern white 
pine 17.5 78 ,2 55 ,5 Simard ( 19681,) 
Jack pine i6 . 5 78 ±2 55 . 5 Si mard (19t8b) 
White spruce 15.0 78 . 2 55 ±S Sjmard ()Q68b) 
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The longer t imelags may be part ially due to the soak ing before the tes t and the higher 
relative humidities used for end poi nt s . Onl v Blackmarr had end conditions similar t o 
ours and a lthough he presoaked the materi a l, he obtained timelag s comparable to ours . 
Although we are not reporting results for weathered needl es because tes ts are 
still being conducted, data in the literature show a dramatic shortening of the 
time lag : 
Species TimeZafl !2!:JJ.ing condition Reference 
Hours of Percent 
relative 
humidity 
Ponderosa pine 1. 28 SO 20 Fosberg (1 975) 
Lodgepo l e pine 1. 01 80 20 Fosbe rg (1975) 
~Ionterey pine 1.08 83 S6 King and Linton (J963) 
Red pine 4.20 78 ±2 35 ±s Van Wagner ( 1969) 
Red pi ne 7 . 00 78 ±2 55 ±S Sim;1.rd (1968b ) 
Eastern w!1 ite 
pine 3. SO 78 ±2 55 ±S Simard (i968b) 
Jack pin e 4.00 78 ±2 55 ±s Simard (1968b) 
White spruce 5.00 78 ±2 55 ±s Simard (l968b) 
Varia: ions in time lag may be due to the wax and resin content. as suggested by Van 
Wagner ( 1969). This could account for t'"ae shorter and variable time lags in weathered 
need les noted by Simard ( 1968b). It appea~ s that the timelags are si~nificant l y dif-
ferent by species and weathering. which may be associated wi th the amount of waxes . 
o i l s, and varnishes on the surface and in t he pores of the needles. Therefore. the 
results we are reporting probably only appl y to freshly cast litter in ponderosa pine 
forests. 
General l y. reports on time lags of fuels experiencing desorpt ion or adsorption 
show the timelags to be longer for adsorpt ion (Kerr and o t hers 1971; Simard 1968b) . 
Al t hough the needle tests did not show this response, it did exist in the l itter bed 
tests. 
As the bulk densi t y increased. the time lag increased but showed a level ing of 
time lag at the most dense value te sted (fig. 8a). This leveling. or plateau. may be 
due to a i r ve locities over and through the litter bed or may repre sent a zone of bulk 
densities where di ffus ion through the vo ids is limited by the moi s tu'Y"'" diffusivity of 
t he particles. Thi s consideration is pointed out by Fos berg (1:; ;::» in his theoretical 
development of heat and moisture flux in litter and duff. The responses obtained in 
this study tend to support the theoretical approach Fosberg has deve l oped, but ad -
di t ional t es t s with varying bulk densities and litter depths are needed. 
The desorption response of the litter bed with so lar heating inc l uded appears to 
be inver se to the expec t ed. Response time was found to become shorter as bulk density 
inc.eased ( fig . 8b) fo r desorption. With adsorption cO"1ditions established and !'olar 
heating turned off, the respon se is simi lar to previous adsorption tests. Some 
lengthening of timelag was observed, reflecting the thermal relaxation of s tress back 
t o ambient air temperature. 
Li tt Ie moistu re respt)nse da ta ar~ 3vai l ab l e to compare with theoret ical develop-
mcnt~ such as Fosherg ' s (1975), but t he litter bed tests we conduc ted at a bulk densit)' 
of 2 . S1 Ib/ft 3 (0.045 ". /eo) were compared to •. he profiles Fosber g (1975) prc~ellted ill 
figure S of hi s paper. Since the experimrnt a l measuring me thods we used provided the 
average mo isttlr~ content of the bed , cOl"'pari son to Fo!:. bcrg'" theoretical resul ts re-
quired averaginf hi s> moi s ture content prof ile :It each depth over time . Both thennal 
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and moisture s tress were imposed in both si tuation s and the comparison shows that the 
theoretical approach doe s predict the t ime lag to increase with each success ive time 
per i od (fig. 9). This behavior is found at each bulk density when so lar heating was 
used and reflect s the initial response to both the temperature and moi sture changes 
fOllowed by the r esponse to moisture onl y J whic h ha s a longer time lag . 
Moisture Diffusivity 
It ha s been noted eari jer tha t the timelag did not remain constant during the 
sorption pr ocess and the d i fferences could be traced to the assumptions made in the 
theory of homogeneous physical pr operti es and the diffusivity . Fosberg (1975) discussed 
the diffusiv iti e s invol ved and util i zed them in the development of his t heoretical 
a pproach . At lea s t t hree degr ee s of diffusivity need to be considered; the diffus ivity 
of the par ti c l es , of the voids, and the eff ective diffus ivity o f the litter layer . 
For i nd i v idual pcp· t ic l es . it ha !i been s hown tha t t he Four ier number for moi sture 
de scribes the relation s hi p o f timc lag . diffusivity, and particle thickness ( Fosberg 
1970; Fosber g and others 1970): 
-. he r e 
Fo -: Four Ie r numbe r, dimensionl ess 
dif fu sivity . cm2/s 
R t hickness , cm 
II A :: t:: t ime la g. s 
), ". t imelag r ec ipr oca l or det:.y coeffi c ient. s - l . 
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(3) 
Thi s equat ion relates to the equation for the integral diffusion coefficient, 0, 
described by St amm and Nel son ( 1961) and Stamm (1964) . In turn, Stanun states this 
r esu l ted from Fick ' s genera l diffusion equation. 
Stanun ' s equation for the integral diffusion coefficient can be rea rranged to a 
fOlon s imi lar t o equation (3) : 
where 
fract ion o f total Change accomp li s hed 
R = thicknes s , cm 
time fo r change accompl i s' ed 
3. 14 16. 
Rearrangement and common defining of terms lead to : 
nE 2 vt 
16 = R2 
(4) 
(5) 
where the right-hand s ide i s the s ame as the right - hand side of equation (3) except t 
i s the time for the fracti on of the total change, E, instead of II ). or T, which is the 
timelag. Since the timelags for the data reported in this paper were calculated from 
the time f or 9S percent of the total change, the diffusivity of the particles and the 
litter beds can be determined for the same cond:tions using equation (S): 
v = .E2 ~ = .(0. 95) 2 ~ = 0.177 ~. 
16 t 16 t t (6) 
Th e quantity, .E2/ 16, of equations (4), (5), and (6) is a forn of the Fourier number . 
With E equal to 9S percent of the total. the product is 0 . 177. This value agrees 
closel y with values ca l culated from figure 2 of Fosberg's 1970 paper on drying rates of 
heartwood. If we coul d accurately determine when the total change has occurred, the 
value shou ld approach 0.1963, ' /16. 
A summary of the timelags , thicknesses, and diffusivities is given i n table 3 . 
Th e range of diffus ivities is s hown in figure 10 which shows the dif!usivities of the 
particles. the l it t er bed s . and the voids. 80th desorption and adsorption diffusivi t y 
changes with time are s hown and i nd icate a common diffusivity is approached by both 
sorption processes. The d iffusivit ies ca lculated using thr ee timelag periods and 95 
pe rcent of the total chan ge ~re s l i ghtl y lower than d i ffusivitie s computed from spec ific 
fract ions of tota l change and the time for the change . However , the differences do not 
appear s i gnificant . 
The diffus i vi t y of the voids was cal culated from the diffusivity of free a ir at 
the tes t condition s and cc.,nsidering the porosity of the litter beds. The free air 
cJiffus ivity was determined by the emp irica l equation used by Stamm a nd Ne l son (1961): 
( T ) 1.7 5( 760 \ _ Vo = 0.22 27 3 T /"m2/s (7) 
where 
T tempera ture, oK 
P pr essure , 10m Hg 760 EXP 1-(gh)/(RT
m
) I 
e 98 1 ..:.m/ sL 
(8) 
h e l evation , '=.m 
R ga s cons tant for a ir, 2 .87 )( 106 ~m_-6f 
Tm = t e;;'lper:l t ure a t tes t, 3(J0" '<. 
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Table 3 .--~ioi stm"e response properties of ponderosa pine needles 
and litter beds 
Packing 
Material Density ratio : Thickness: Timelag : Diffusivity 
Need les 
B~d 
Sed 
Sed 
Needles 
Sed 
Sed 
Bed 
Sed 
Sed 
Sed 
Sed 
Bed 
Sed 
DESORPTION WlTliOlIT SOLAR 
0 . 51 
.005 
.015 
. 045 
1.0 
.0098 
.0294 
. 0882 
0 .0695 
2.0 
2.0 
2.0 
ADSORPTION WITliOlIT SOLAR 
.5 1 
.005 
. 015 
.045 
.005 
.015 
.045 
.005 
.015 
.045 
1.0 
.0098 
.0294 
. 0882 
. 0695 
2.0 
2.0 
2.0 
DESORPTION II I TIl SOLAR 
.0098 
.0294 
.0882 
2.0 
2.0 
2.0 
ADSORPTION AFTE R SOLAR 
. 0098 
.0294 
.0882 
2 . 0 
2.0 
2 . 0 
s 
15,084 
18,588 
21,024 
19,968 
14 ,556 
19,986 
23,124 
18,870 
14,598 
12,372 
9,240 
22,974 
24,408 
24,678 
em2/ e 
1. 89 x 10-8 
1. 27 x 10- 5 
1.12 )( 10- 5 
1. 18 x 10- 5 
1. 96 x 10-8 
1.18 x 10- 5 
1.02 x 10-5 
1 .25 x 10- 5 
1.62 x 10- 5 
1. 91 x 10- 5 
2 . 56 x 10-5 
1. 03 x 10-5 
9 . 68 x 10-6 
9.57 x 10-6 
For the Mi ssoula area, the diffusivity of the free air was calculated to be 0.292 cm2/s. 
For t he voids within the fuel beds, the approach cited by Fosberg (1975) was used. 
Work by Millington and Shearer (1971) s hows the reduction in di ffusivity to be a 
function of bed porosity : 
V Iv 0 = ~2 x (9) 
and the exponent, x, i s de f ined by 
~2)( =: I - (1 - +) x , tortuosity factor (10) 
where 
v • free air diffus ivity . cm2 /s 
e • void diffusivity, c .. 2/s 
• bed porosity. fractio!1 of vo lume, dimensionless. 
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Table 4. --Conparison of diffusillity caZcuZated fol' pon<i2l'osa pine Zittel' be<i2 
tD1del' d2sorption conditions 
Foshers; ( 1975) Ande r son! Ss;huette I and Muteh 
Physic,.! prope rt lcs 1 2 1 2 
"uel depth, H, (em) 
Bulk densi t y ~ Ph' (glee) 0.08 0. ~8 0.005 0.0 15 0.045 
Needle timelag. t, (s) 4,608 4,60H 15, 084 15,084 15 ,084 
Free ai r di ffu s ivity. VOl 
(em2/s) 0.313 0.313 O. :.7 0.292 0.292 
Porosity. ~. (d imens ion less) 0.830 0.830 0.990 0.971 0.912 
Tortuosi ty factor. 4/ 2x • 
(dimensi on l ess) 0.748 O. 7~8 0.983 0.950 0.861 
Voi d diffus i vi ty. v , (e m2/s) 0.23~ 0.234 0 .287 0.278 0.251 
Li t tel' bed time l ag . t, (s) 4,248 7 ,560 18, 588 21,024 19 ,968 
Lit ter bed diffusivity, v , 
(e,.2/s) 1.25'10-- 1. 25' 10- - 1. 27' 10- 5 1.12 ' 10- 5 1.18' 10- 5 
The free ai r d iffusivi t y was r educed by the above factor and the result s for the litter 
beds compared to the predicted res ponse of weathered ponderosa p i ne 1 i tter beds present-
ed by Fosberg ( 1975) in hi s figures 2 through 5 , t a ble 4. Although the void ~iffusiv­
itics ar~ not greatly differ ent , the bed diffusivit ies differed by a fac tor of Hi when 
computed by equat ion (6). This is primarily a result of the longer particle and bed 
t ime lags exist ing in Qur experiments. 
According to figure 9 of Fosbergts paper (1975) , our experimental conditions appear 
to be at the I imits of the theoretical consideration s because our bed depth or thickness 
of 2 cm is in the zone where response time or timelag decreases as bulk density increases. 
As Fosberg notes. the timetag should i ncrease as the bulk den s j ty increases and bed 
porosity decreases. OUr re sult s do not show a s tron g relationship between timel ag and 
bu lk density for the fuel loadings and depth we used. 
Discussion o f empirica l refinements to improve t he descri pt ion of moisture diffusiv-
ity by Bramhall (1973) has proposed the inclusion of diffusivity a s a linear functi on 
of .aoisture c ontent. However, for litter beds and needles of ponderosa pine, the 
diffusivity appears to remain constant except for ear l y in t he sorpt ion change . The 
same response of diffusivity is obta ined using equa ti on (6), a e:; i ndi cated i n f igure 10, 
for ponderosa pine heartwood dowels (Fosberg and ot hers 1970) . The value of 2.3 )( 10- 6 
cm2/s is higher than the value cited in the above work but is comparable to values 
cited by StalMl (1964) for various woods . The variation in diffusivity does appear to 
be nearly constant by species of material as long as the physica l properties do not 
change. Then equation 3, 6, or equation 30 presented by Fosberg (1975) cOljld be used 
to estimate the response tiJlle for a given fuel situation. If diffusivity is nearl y 
constant and the thickness of raaterial is known, response t ime can be r eadil y ca lculated . 
For a given weather change in temperature and humidi ty , the time response can be con-
sidered with the EK: equations to estimate the moisturo cont ent of the l itter and as 
related to flamabU i ty. 
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CONCLUSIOI\lS 
The equilibrIum moisture content response curve of freshly cast ponderosa pine 
needles 15 l owes t of the conifer needle data examined, except for Monterey pine. 
Differences be tween adsorption and desorption are slight «1. 5 percent) to 60 p.!rcent 
r e l ative humid ~ ty. and the spread increases with increasing relative humidity . The 
E~1C response can be de scribed mathematically if temperature and humidity are known. 
Woody mater ials, such as twigs and s plint s of wood, maintain lower E~tC's, while grasses 
and o ther herbaceous materia l s have highe r EMC's. as much as 3 to 4 percent. 
Temoerature e ffect s on EMC seem to vary by species and range from 0 . 050 t o 0.113 
per cent ~oisture content per degrees Fahrenheit. Other chan~e s in the . litter mate~ial, such 
as c rude fats, densi t y, or possibly s hape caused by weather1"g and ag1ng, result In shifts ' 
in OK: va lues. Suffi c i ent data a r e not available to full y a ssess these influences . How -
ever, they s eem t o influence both E~K: va lues and timelag r espons e . 
Ponderos a pin e need l es, fre s hl y cast, were . found to have s hort e r time lags than 
other fre sh l y cast conifer need l es; appr oximate l y .t hour s as compa r ed to 10 t o 17 
hours. It was n ot ed in the literature that a year' s weathering changes the timelag 
t o a muc h s ho rter value, on the orde r of 1 hour. Although the change is f e lt to be 
associated with the l eaching of the crude fat and other extractives, it i s not known 
how r apidl y the change in timelag occurs or what ha s been removed from the need les. 
HI( and t ime1ag va lues for ponderosa pine needles a r e sufficient l y diffe r ent from 
other species as t o significan tl y affect the flarrrnability of an area. The influence 
upon systems to assess fire danger s hould be determined so t he use of fire-danger rating 
component s and indices is as accura t e as possib l e. 
Use of the experimen t al data fo r fraction of moisture change and the t ime for the 
change showed moisture dif fusivity to r emai n nearl y constant during the r esponse to 
t he t es t conditi ons. However, just as air diffusivi t y is changed by pressur e and 
temperature s , so may the moisture diffusivity of t~e litter materia l be changed. Fo r 
litter beds with bulk densities between 0.31 Ib/ft J (2.05 ~/ee) and 2 .81 Ib/ft J 
(0.045 glee) the diffusivity was found t o be 1. 2. 10 5 em Is and for newly east 
needles, 2 .0 . 10- 8 em2/s. 
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APPENDIX 
Sorption Time ConstIIntII for Single PonderOll8 
Pine Need ... end Litter Beds 
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Table S. --Sorpt i or. time constants (in mi.nu~'s) f ol' q sinale 
ponderosa pine needle . Desorption. comit i o"l s: 80 ° F '( 27° C) 
and humidity chllnge fr em 90 t o 20 per "ent. Adsorption 
-::oruJ.i tion8 : BOoF and humidity change from 20 to 9U percent 
Time ~riod 
REPLICATES 3 Average 
Deso!Etion 
I 260 272 68 374 29 201 
2 225 119 264 63 24 139 
3 430 238 222 74 29 199 
320 358 222 74 29 20 1 
150 450 173 76 32 176 
Average 277 2B7 190 132 29 
Ads o!E:t ion 
I 110 169 141 134 29 11 7 
2 90 317 2n 62 24 141 
3 379 179 102 37 15 142 
4 148 206 582 87 36 212 
5 192 650 161 41 17 212 
Average 184 304 240 72 24 
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Table 6. --SOrpti01z t i me aon.stants (in minutes) fol' ponderosa pine 
needle Utte r beds. DesQrption condi tions : 80 0 F 127 0 C) and 
humidi t y c hange frem 90 to 2" percent. Adsorpt icH1 condi tions : 
BOo F aJ1d humidity c ,.ange f r em 20 to 99 percent 
Time Eeriod 
REPL ICATES 3 Average 
LOADING: BULK DE NSITY 005 g/cm' 
De sorption 
1 27 1 .6 390 . 0 265.1 100.8 108.7 227.2 
2 250.4 2B l 5 348.7 350 . 8 124.8 271.2 
3 280 .5 303 . 2 397 . 0 ~ 99 . 6 93.8 27 4 .8 
Average 267.5 324 . 9 336 . 9 250.4 109 .1 
Adsorption y I 
2 443.7 355.9 394 . 4 149.8 60.9 280.9 
3 28,. 7 343 . 9 175.1 255 .5 152 . 2 242 . 5 
Average 364 .7 349.9 284.8 202 .7 106.6 
LOAD I NG: BULK DENSITY 0 . 0 15 g/cm3 
Desorption 
1 356.3 439.6 482.1 87.5 40 . 1 281 .1 
2 285. 0 317.5 346.8 294'.7 96 . 2 268 .0 
3 451. 8 372 . 6 298.8 129 . 0 91.8 268 . 8' 
4 384.6 434 . 4 243 .0 216.0 84.0 272 . 4 
5 264.4 315.0 279 . 3 320.9 148.9 265.7 
6 307.3 346.4 383.0 149.3 139.7 265 . I 
Ave rage 34 1. 6 370.9 338.8 199.6 100 . 1 
Adsorption 
I 452.9 404.2 369 .8 65 . 4 27 . 0 263 . 9 
2 291. 7 458 . 0 184.7 335. 9 107.5 275.5 
3 343 . 2 472 .8 444. 0 132. n 30.0 284 .4 
292.2 403.8 462 . 0 78.0 120 ."0 27 1. 2 
307. 5 459.3 353.8 11 8.2 103.6 268.5 
393.9 595 . 8 247.4 89.6 71. 7 279 . 7 
Average 346.9 465 . 6 343.6 136.5 76 .6 
LOAD I NG: BULK DENSI TY 0 . 045 g/cm 3 
Desorotion 
1 27 1. 1 351. 8 194.4 120.0 52.4 197.9 
2 312.8 413 . 9 296.0 210.2 55 . I 257.6 
371. 5 514.5 269.2 120.2 66. 1 268.3 
A'/e rage 31B.5 426.7 253.2 150 .1 57.9 
Adsorpti~ 
1 474.8 2:;9.6 277.5 24. 1 333 . 2 269.8 
2 353.6 324.5 230.7 45. 1 37 . 4 198 . 3 
3 374. 2 358 . 9 196.3 133.3 48.9 222.3 
Ave rage 401. 0 307.7 234.8 139 . 8 
!! ~talfunct ion i n the envi ronmenta l chamber durin g absorpti on 
phase prevented t he accumulat ion of data for the first run . 
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Table 7. --SOrop t ilJ1'l t ime constants (in minutes ) for ponderos a pine 
needle litter beds. Deso1'ption "cmditicmB ..nth solar heal': 80· F 
(27 0 C) , 90 to 20 per cent relative h..tmidity , 0.6 Bola'¥' constant. 
Ad801'ption "omitians f c?Zo..n.ng BolQ1' heat : 80· F, 20 to 90 per-
cent rela tive humidity , 0 . 0 Bolar constCUlt 
Time Eeriod 
REPLICATES 3 Average 
LOADING: BU LK DENS ITY 0 . 005 g/cm3 
Desorption 
1 200.0 329.9 496.4 305 . 9 68 . 2 280 . 1 
142.3 187.6 205 . 9 371. 0 131. 7 207.7 
184 . 2 262.9 270.3 431.5 130.3 255.8 
150 . 0 230.1 260 . 5 337 . 1 124 . 8 220.5 
Average 169.1 252.6 308.3 361. 4 113.7 
AdsorEtion 
I 297 . 2 518.3 521. 4 73 . 2 19 . 0 285 . 8 
2 320 . 3 4d.7 263.3 379.3 33.8 284.1 
3 360 . 5 563 . 5 310 . 7 92 . 0 33.8 272 . 1 
291. 7 388 . 9 334.9 198 . 9 28 . 9 248 . 6 
Average 317 . 4 473.6 357.6 185.8 28.9 
LOADING: BULK OENSITY 0 . 015 g/cm3 
Deso!:Etion 
I 104.5 168 . 6 170.9 243.5 298.6 197.2 
2 16 1. 3 185.4 4;:5.6 229.4 327 . 5 265.8 
3 147 .6 157.4 480.4 504.4 95.1 277 . 0 
4 121. 2 212.4 126.6 172.8 279.0 182.4 
5 161. 4 200.4 270.0 154 . 2 120.0 181. 2 
Average 139.2 184.8 294.7 260.9 224.0 
Acis o!:Etion 
I 535.1 418.9 276.5 137 . i 47 . 5 28, . 1 
2 473.0 434 . 9 203.7 93.9 34.5 248 . 0 
483. 6 520 . 0 336.2 70 . 8 18 . 6 285.8 
444 . 0 426 . 0 325.8 64.2 132 . 0 278.4 
462 . 0 478 . 0 283.8 126 .0 42 . 0 278.4 
Ave rage 479 .5 455. 6 285.2 98.5 54.9 
LOADI NG: BULK DENSITY 0 . 045 g/cm 3 
Desorption 
I 99 . 4 11 6 . 7 222 . 2 21 6. 7 551. 3 241 . 2 
2 82. I Ill. I 252 .5 499. 7 199 . 1 228 . 9 
127.0 175 . 6 264 .9 588.5 181.9 267.6 
103 . 9 121. I 171. 6 222.5 560. 8 236 . 0 
Average 103 .1 13 1. 1 22 7.8 38 1. 8 373.3 
AdsorEtion 
I 520 . 8 472 . 0 264.1 102 .9 47 .1 281. 4 
2 504 . 2 466.6 233.0 150 .2 54. ~ 281.7 
604 .5 490. 8 203 .2 105 .6 22.7 285.4 
578 . I 4 19.7 179 . I 188. 2 41.Y 281. 4 
Average 551. 9 462.3 2 19. 9 136 .7 41. 5 
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